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However, profile fitting cannot be applied unless certain specific functions are assumed to characterize the line profiles. A few analytical functions have been reportedM to represent adequately the shape of a real powder diffraction line. In XRAYL the fitting functions which may be chosen for each specified profile are: Lorentzian, Gaussian, Voigt, Pearson VII, or Rational Polynomial.
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In contrast to the line-separating strategy employed in a program like XRAYL is the method of Rietveld?v8 Rietveld's method fits the whole powder pattern at once as opposed to separating out the individual line profiles, reflection by reflection. This method overcomes most of the limitations in obtaining crystal structure information from raw powder diffraction data. It 3 has become widely used when large enough single crystals of a phase are unobtainable. In the Rietveld method, a complete pattern over the whole range of 28 is collected and analyzed. The typical analysis involves fitting a functional representation of the instrumental breadth: a slowly varying background, atomic positions, atomic thermal parameters, and, in defect structures, a site occupancy. In some cases, Rietveld analysis is used for quantitative analysis of multiphase samples (usually two-phase samples). Occasionally, microstructural parameters, such as rms coherent domain size and mean residual microstress, are also included in the fitting process.
Both the individual profile fitting and the Rietveld method resolve difficulties concerning statistical noise in the intensity data, determination of background intensity, separation of complex patterns due to large unit cell size or a low-symmetry crystal system, and resolution of overlapping lines due to multiple phases. The individual line profile method, however, provides the best means of determining microstructure. In many materials the microstructure is quite anisotropic. In this case the Rietveld analysis can provide only limited information" compared to the individual profile fitting methods. The approach of fitting individual profile patterns provides several important additional benefits for analyzing microstructure, namely elimination of truncation errors and freedom to choose the data collection range at will.
To date, XRAYL has been used to analyze selected diffraction regions and to write the "resolved" data for use by CRYSIZ, a program for analyzing crystallite size and rms residual microstrain in polycrystalline materials. CRYSIZ is described in detail in ORFUIM-13273.
When broadened and reference profile data sets are to be processed by XRAYL, they may be analyzed in the same computer run, not in two separate runs. Analyzing the two data files within a single run provides the program the information needed to prepare the generated data files with identical 28 range and step size. In addition, the profiles will be centered on the same 28 so that Fourier deconvolution of the pair of observations will be meaningful. The program resolves any differences in step size or range in the raw data supplied. The program cannot be used in a completely automatic way. It requires careful inspection of the output results to confirm that the fitting makes physical sense.
This self-contained document includes: (1) description of the classical fitting functions coded into XRAYL, (2) an overview of the least-squares processing algorithm used in fitting the profile function, (3) the user options and their presentation requirements for execution of the program, (4) the file types and their formats and contents required for running the computer code, (5) examples, in Appendices E and F, of input and output for a test case, and (6) source code listings on a diskette.
CLASSIC FITTING FUNCTIONS
The analysis of X-ray powder diffraction profiles by fitting individual profiles requires "clean" patterns free of random noise and separated with respect to overlapping lines and mixed phases. In order to accomplish the production of clean patterns, it is often necessary to have sharp "reference" patterns to be used in conjunction with mixed-phase or "broadened" reflection diffraction profiles. When the patterns produced by samples to be tested are completely resolved, that is, none of the profiles are overlapped, the necessary analysis calculations may be done without the aid of a program like XRAYL. However, in practice, most diffraction patterns present serious overlap between adjacent reflections. The overlap becomes more severe in materials with low symmetry and large unit cells. There may also be present other substances, contaminants, the lines of which must be dealt with in an appropriate manner. For example, even a small amount of overlap in the pattern will produce serious errors in the computation of size and strain parameters. XRAYL extracts individual, filtered, reflection profiles from raw powder diffraction data by fitting mathematical functions to the data by a least-squares procedure.
In powder diffraction, the most useful profile functions are those that can be applied over the entire angular range of data c~llection?~~ The profile parameters of these functions must include angle-dependent breadth and shape parameters. Ideally, the profile parameters should be easily interpreted by the user and should change slowly as a function of the scattering angle. The breadth and shape parameters should accurately account for profile asymmetry. A readily interpreted measure of breadth is the full width at half maximum 0. In the functions programmed, FWHM is chosen when feasible as a fitted parameter. In addition, parameters for peak position, peak maximum, background, background slope, and ratio of Ka, to Ka, , if present, must be used. Asymmetry is dealt with by permitting separate parameters for the high and low 28 sides of each profile.
It would be desirable to select profile functions based on the convolution of each component which contributes to line broadening." Unfortunately, no theoretical parametric representation for the convolution has been put forward. Therefore, representation of a diffraction profile is accomplished by the use of well-known mathematical functions. This is the best compromise that can be made in the absence of the "true" function and the physical justification it would provide. The functions used are detailed in what follows. Table 1 summarizes the implemented functions.4d In the equations, the quantity x is the difference between the 28 of the generated function and the 28, of the observed peak center:
The forms of the Lorentzian, Gaussian, and Pearson VII functions implemented in XIWYL are expressed in terms of the FWHM of the peak. In Table 1 the symbol y is used for FWHM with a subscript G, L, or P to designate the function used to determine it. The benefit of expressing these profile functions in terms of FWHM is that the starting values for least squares may be easily obtained, and the refmed parameters are readily interpreted by the user. In all functions the parameter S is used for normalization scaling. The fitting parameters in the Voigt and Rational functions do not have an easily seen relationship to the FWHM. In these functions the FWHM is determined by an analysis of the generated profile. For background material on the applications and limitations of these functions, a summary may be found in the thesis of Y. Zhang value of all parameters may be set by default or specified in input. Every parameter may either be refined or held constant.
The program reads either one or two intensity data files. The first file is called the "reference" file and is used to establish values for an unbroadened difhaction pattern. The second fde is called the "broadened" file and contains data for a sample to be analyzed. If precise values of 20 for the center of the broadened profiles are supplied, the reference file may not beneeded. This would come about if no reference pattern was available, and/or it was deemed necessary to do further calculations on the broadened patterns. Either way the patterns are fitted to specified functions by a least-squares procedure.
Once the least-squares procedure has converged, the parameters of the refinement are used to generate output files containing calculated intensity data. Lines, such as Ka, or impurities, 
OPTIONAL FILES FOR ESTIMATING ERRORS IN CRYSTALLITE SIZE AND STRAIN
Two additional files of the resolved lines may be written. These consist of profiles altered by a chosen number of standard deviations of the fitting parameters. These files will permit the recalculation of quantities based on the shape of the profiles by using profiles numerically altered
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.XIN from the best least-squares fit. This permits use of a numerical method to estimate the limit of error in the parameters derived from the use of the idealized profiles such as crystallite size and strain. This is tantamount to calculating a numerical differential to establish an error estimate.
One uses the best-fit pattern and the patterns distorted by no in subsequent calculations. The value o, the least-squares estimated standard deviation of the profile parameters, may be multiplied by n, a factor chosen to offset the parameters. The difference in the results gives a measure of the uncertainty in calculated values derived from the profiles. None of these additional calculations is automated. The result must be obtained by additional runs of the analysis program using, in turn, the distorted files in place of the "best" file.
Program input instruction file. Program may be run interactively to supply the information contained in a .XIN file, but the creation, beforehand, of this file by a local line editor is much more productive.
DA
The XRAYL program will open and process a number of prepared files and produce output files in the process. Each file type is defined by an "extehsion" mnemonic following a period.
Before the period an 1 1-character code, here referred to as the <identity>, may be prefxed. The <identity> code should be mnemonic of the data set being treated. The extension codes are fixed by the program while the identity is chosen by the user. For some computers or operating systems, such as disk operation system @OS) for a personal computer (PC), it may not be possible to use all 11 characters. In fact, for DOS the limit will be only four characters.
Raw observed intensity data input files. Usually one for reference profiles and one for broadened profiles. Covers a "window" of 28 containing up to five reflection profiles.
.XPN
See Appendix A for format.
Output file containing summary of run suitable for printing. Optional output file containing raw plot data for use with local plotting software.
Output files containing the separated, idealized output profiles.
Optional output files like .IDL but with least-squares parameters displaced by a specified number of standard deviations down fiom the best result.
Optional output file like .IDL but with the parameters displaced up.
Optional output file containing the refined least-squares parameters of fit for each processed profile.
In order to use the program XRAYL, it is usually necessary to have two input files: one with the reference data, and one with the broadened data. These files must both scan the same regions of 20 in "windows." There may be up to five unique reflections in each window. The files will be 'opened" if they have the designation <identiQ>.DA, where <identi@I> and <identi~2> are the names chosen by the user for the data sets (for example: NaClrf.DA for the reference pattern and NaClb1.DA for broadened sample 1). The contents and structure of these ASCII files are given in Appendix A. Within the ASCI. files themselves there is a 53-character, user-provided "title" which should be used to futher identify the sample. The up-to-53 character title will be formed from information supplied by interactive response at the start of progam execution.
In addition to the data files, information concerning the instructions for the run must be given. These may be given interactively, or more conveniently, by preparation of an <identiQ>.XIN file. Whichever method is chosen, the options to be specified concern which method of fitting is to be carried out, the indices and 20 of each reflection, the plots to be generated, the extent of the printed details, and the reflections to be placed in the output .IDL 
STRUCTUIUZ OF THE .XIN FIOLE
This file, which specifies the calculations to be done and the results to be displayed, must consist of a series of "free format lines" which are parsed into fields separated by blanks (spaces).
Note that the first field is alphanumeric. Therefore, the "string" must be set off with single quote marks. These lines may be prepared by means of a line editor and then used repeatedly to drive the program. The lines and the order in which they must be supplied in the file are: ' NUMERRGENR '
(one set for each reflection in subsequent window)
One line that marks the end of the whole .XIN fie:
Lines of every type are mandatory, the numbers required being determined by the nature of the input data. An example of a .XIN file is shown on page 15. In this example there is just one reflection per window. The benefit of using a .XIN file is that it may be edited with the local line editor for use with other problems or samples or to update and fix parameters such as 28. It is important to note that since these input lines are "free format," every field must be given a value; none may be left "blank." In some cases, which are specified below, the use of a negative number or zero in certain fields will cause default values, stored in the program, to be used. The term "free format" is used to designate that the input to a .XIN fde is read in "fields."
Each field consists of a string of contiguous non-blank characters separated by one or more blank 
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The important thing to remember is that the free format reading algorithm tolerates additional spaces and equivalent representations for numbers but cannot tolerate missing fields or unquoted character strings.
In the case of the diffractometer and XRAYL data files (.DA, .IDL, .IDM, and .IDP), however, the format is fixed. Every character is assigned a "column" position following the rules of FORTRAN format statements. These data file formats are given in Appendix A. The preparation of these data files requires some planning. The gathering of the original diffraction data will usually be based on the narrowest peak to be measured and the diffracting power of the reflections to be measured. The 20 step size should be set so that at least 20 measurements are made across each profile. The step size will generally be dictated by the reference pattern. It is important that scans be wide enough that background is reached on both sides. It is this requirement that resulted in XRAYL being coded in terms of "windows." It is very often the case with broadened profiles that several reflections overlap so that a wide, inclusive, scan must be made to reach background. Therefore, the scan widths for each window will be dictated by the broadened pattern. The counting time at each point must be sufficient to ensure high reliability, Le., goodcounting statistics, in the profile regions. The time required will depend upon the nature of the sample and the source intensity of the diffractometer. If the X-ray source is weak, or if the sample is small or a poor diffractor, the counting times will have to be long in order to produce data that will be good enough to be fitted reliably by one of the functions in XRAYL. The counting times for the reference and broadened patterns may vary. The requirement is that each window have data that can be distinguished from background in the peak regions. The 20 order of the instructions given in the .XIN file must be the same as the data in the .DA file. Number of points at each end of the window to be used to establish the background intensity. Both background magnitude and slope will be established from these points. Only the number of points specified in this field will be used for background.
INDIVIDUAL WINDOW INSTRUCTION LINES
0/1 for remove/restore the background in the idealized output lines. This option allows the original background to be restored to the filtered, separated profiles.
The period or spread in Angstroms of the idealized output data, %. The value of % sets the l/d scan range in the separated profiles. If the a3 supplied here is outside the range of 100.0 to 15.0, then the minimum value of a3 in the experimental input data will be used.
0/1 one/two .DA input files. Choice 1 would be used for a "broadened" pair. In general, a weighted refinement is recommended. However, in the case where the intensities of the profiles to be separated are greatly different, the refinement should not be weighted.
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IO/1 for do not/do refme the intensity ratio of Ka, and KO+ profiles. Starting with this value, it may be refined by least-squares. The reason for permitting one to supply this estimate is to allow one to deal with overlapped peaks.
When the reflections are not fully resolved, one must intervene with an estimate of the FWHM. The algorithm for estimating FWHM for overlapped peaks is not able to cope.
The estimated FWHM for the broadened peak. The same restrictions apply as in field 6.
Shape parameter of the left side of the reference profile. If 0.0 is supplied, the default for all the starting values of the shape parameters is 1 .OO. This assumes that the shape of the input profile is nearly "Cauchy." When the profde is to be kept symmetrical, it applies to the whole profile.
Shape parameter for the right side of the reference profile. Ignored for symmetrical profiles.
Shape parameter for the left side of the broadened profile. If symmetrical, it applies to the whole profile.
Shape parameter for the right side of the broadened profile. Ignored for symmetrical profiles.
0/1 for do/do not place the filtered, separated profile in the .IDL output file. When 1, the peak is treated as an impurity and discarded.
SECOND LINE CONCERNING A REFLECTION
In this line the least-squares refinement "switches" are supplied as -l/O/l for program default/do not/do refine the named par&eter. The use of the -1 to set defaults is complicated by the restrictions engendered by the chosen profile-fitting function. It may be necessary to make more than one run to determine which parameters should be allowed to refine for the problem at hand. Of course, some switches are automatically deactivated by choices specified in the previous reflection line. 
IDL fides
The structure of the input .DA files read by program XRAYL is as shown below. These files contain, in FORTRAN-FORMATI'ED ASCII, the intensity measurements from regions of 28, "windows," in steps of 28 taken from the diffiactometer. The format of these records is identical to the format shown below for the .IDL files. The distinction is that the region of 28 in a .DA file specifies a window which may contain up to five reflections. In .DA files the reflection indices are ignored since it is assumed that there may be more than one reflection per window. These may be both reflections of the phase under study and of impurities. Therefore, specified reflection information in a .DA file is ignored in favor of the reflection specifications for the window given to XRAYL interactively or by means of the .xnU input file which is described in the body of this document. The structure of the output .IDL, .IDM, and .IDP files written by the program XRAYL is as follows. These files contain, in ASCII, the intensity measurements at steps in 28 for individual, separated reflections. The same format is used for both reference and broadened patterns which are distinguished by the <identity> portion of the file name. Some operating systems may restrict <identity> to be fewer than 11 characters. The pattern of records shown below repeats for each reflection or window of the sample. The end of all reflections is marked by an end-of-file.
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It is conventional to place data in these files in windows of 20 with up to five peaks per window. Whatever order is used for the windows in the .DA file, that order must be used in setting up the .XIN instruction file. A .DA file may have any number of windows in it. Interaction will require the following additional information:
10. Intensity scale for line maximum; 1.0 to 1000.0. POWTESTW also reqires this.
11. Response of y/n to go back to step 7 or quit data entry.
These two programs serve to give ideal Gaussian data with no statistical errors to use in checking XRAYL and to allow practice with the nature of the program XRAYL before applying it to "real" data. 
APPENDIX D -Symbolic "decks" and their implementation
The following symbolic decks are supplied on one 3. TIMDAT.FOR (a machine-specific time/date subroutine; not needed for VAX).
XRAYL96.FOR (the main program and the first half of the XRAYL subroutines).

XRAYLP2.FOR (the rest of the XRAYL subroutines).
XRAYLCOM.FOR (the common arrays to be automatically included in XRAYL subroutines).
SLATEC.FOR (the machine independent matrix manipulation and least-squares subroutines).
SLASPC.FOR (the machine-and operating system-specific parts of SLATEC).
The preponderance of the FORTRAN 77 code is completely "transportable." However, before attempting to compile these programs, three machine-specific aspects of the FORTRAN statements must be checked and set for local compilerbrdware conventions. The first is the structure of the OPEN statements; search on "OPEN(" to locate them in every symbolic deck.
Various vendors have different conventions for the specification of fde characteristics. The distributed disk is set for those used by an IBM or compatible personal computer (PC).
The second modification must be made if a machine other than a PC is being used. These changes must be made in the SLASPC.FOR routines. These routines are the Slatec routines which set up register characteristics. The code is mostly comments showing the statements necessary for various hardware/software. If changing from a PC, the PC active code must by made inoperable by placing a "C" in column one and the appropriate statements for the target machine made active by removing the "C" from column one on the lines required by the target machine.
The third modification which may be necessary is in the TIMDAT.FOR subroutines for the setting of the time and date. These functions are very important for identifying runs. Each computer vendor will provide different system subroutines for this purpose. In the programs, there are calls to TIMDAT.FOR which then calls the time and date subroutines of the operating system. AU the other routines call TIMDAT.FOR to get the time and date in the appropriate format. The subroutines become null on a microVAX running under VMS since the conventions used mimic that machine. The object module of TINIDAT w i l l have to be linked to every one of the programs listed above. In the case of these time and date subroutines, it is possible to simply "dummy" them. However, even if this is done to get started quickly, it is inadvisable to continue operating the programs in this mode if one is to avoid confusion with respect to the files which are generated by the programs when they are used for production runs. Once a suitable directory (path) has been set up on the target machine, and the files loaded into it and edited to change any of the statements described above, the programs may be compiled and linked according to local custom. Testing may be carried out using the supplied data fdes or by generating ideal tests using any of the programs such as POWTRY.FOR.
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APPENDIX E -Example runs for testing XRAYL
The main body of this appendix is not printed in this document, rather it is stored on the "EXAMPLES" diskette containing test data and test output that is distributed with this document.
On that diskette there is a collection of files, both input and output, which may be used to understand and test XRAYL. purposes. The graphics program will have a facility for "importing" the separated file and editing the description of the X and Y data. Once the data are imported, the rules of the graphics progam must be followed to make the plots. Table E .l lays out the purpose of the files on the disk, where they are created, and where they are used. Table E . 1 is set out in order of program use to illustrate a sequence of program and file utilization. In Table E .l the example presented is that of a pair of overlapped profiles generated for the purpose of illustrating and checking the use of XRAYL. The <identity> shown for each file is the one used on the distribution disk. These <identity> labels all use the letters "SEP" in order to distinguish this set of examples. There are other tests on the diskette using other mnemonics which are described in Appendix C of the CRYSIZ document.
KaleidaGraphm produces files of type <identity>.QDA, .QPC, and .WMF among others which are not used in these examples. The .QDA files are the input data reformatted from the .TXT files. The .QPC files are the binary images of the final plots. The .WMF files are bit-maps suitable for importing into document processors. The plots shown below were taken directly into this document from the .WMF files. The formats and contents of all files except those of type .'ET, .QPC, .QDA, and .WMF Figure E . 1 shows, for the reference profile, the raw data from POWLAP, the fitted data are given elsewhere in this document.
fiom XRAYL, and the difference between the two profiles superimposed on one plot. The files containing these data are of the group ZR5*.* on the examples diskette.
Figures E.5 and E.6 are plots of real data taken for a shock modified sample of zirconia. 
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APPENDIX F-Source code and example diskettes
